Abstract. This paper describes the results of a sea level measurement test conducted off La Jolla, California, in November of 1991. The purpose of this test was to determine accurate sea level measurements using a Global Positioning System (GPS) equipped buoy. These measurements were intended to be used as the sea computed by subtracting tide gage data collected at the Scripps Pier from the GPS-determined sea level measurements and then filtering out the high-frequency components due to waves and buoy dynamics. In both cases the GPS estimate differed from l•app's mean altimetric surface by 0.06 m. Thus the gradient in the GPS measurements matched the gradient in l•app's surface. These results suggest that accurate sea level can be determined using GPS on widely differing platforms as long as care is taken to determine the height of the GPS antenna phase center above water level. Application areas include measurement of absolute sea level, of temporal variations in sea level, and of sea level gradients (dominantly the geoid). Specific applications would include ocean altimeter calibration, monitoring of sea level in remote regions, and regional experiments requiring spatial and temporal resolution higher than that available from altimeter data.
Introduction
The Global Positioning System (GPS) now provides three-dimensional positioning coverage nearly anywhere on or above the surface of the Earth. Dual frequency carrier phase measurements from a pair of G PS re-wave amplitudes and frequencies can be determined to the centimeter level using the present G PS technology [Rocken et al., 1990] . If the buoy is allowed to drift freely, then the sea level measurements will also be a function of latitude and longitude.
Measurements from a GPS-equipped buoy have the potential to provide estimates of both the absolute and relative sea level as a function of time at a given location.
In order to derive accurate sea level measurements, consideration must be given to whether the buoy is free drifting or moored and to the design of the buoy being used. In an ocean environment these factors determine the buoy dynamics and, if not taken into consideration, will degrade the accuracy of the GPS-measured sea level. The main purpose of the work presented here is to examine these effects by comparing results using two widely differing platforms. Configurations for the buoys used for the test are shown in Figure 2 . The wave rider used on November 25 consisted of a radome-enclosed GPS antenna mounted on a life preserver. The life preserver was placed inside a large tire inner tube. The purpose of the inner tube was to prevent water from splashing on the radome. The spar design, used on November 28, was constructed from standard 6 inch ID PVC pipe with the radomeenclosed G PS antenna mounted on top and ballast at the bottom end for stability. In both cases the GPS antenna was connected via a watertight cable to a G PS receiver which was run from a boat nearby. Each platform was unique in its dynamic characteristics and response to the waves. but also allowed estimating the mean tilt of the spar. The spar was tethered at the top of the ballast container near the bottom of the spar. This was done so that if there was a small amount of tension applied to the tether, the response of the buoy would be largely vertical, thereby minimizing the mean tilt.
GPS Kinematic Position Solutions
Carrier phase measurements at the L1 and L2 frequencies provide the precise data necessary for accurate geodetic measurements. By appropriate scaling of these two frequencies the L1 and L2 phase measurements can be combined to form a linear combination known as the "ionosphere-free" (L3)phase measurement. The double differenced phase residual is the measurement used in the kinematic positioning algorithms. These are formed by differencing phase residuals between the reference and moving receivers for all GPS satellites within view of both receivers, and then differencing these combinations with respect to one difference, which has been established as a reference satellite. The phase residual is the difference between the observed phase and a phase computed from the known satellite positions and from a priori station coordinates. The kinematic position solution is determined as a correction to the a priori position of the moving antenna. The change in position is observable from the change in phase over time [Mader, 1986] . Accurate kinematic positioning using the carrier phase measurement depends on the availability of goodquality GPS satellite ephemerides, tracking consistency and satellite geometry, correction of the observations for propagation media effects, and accurate determination of initial carrier phase biases (ambiguity resolution). If these phase biases are resolved incorrectly, their use in the kinematic phase solution will result in incorrect variations with time of the sea surface height. When the receiver loses lock on any given satellite, carrier phase ambiguities are introduced (cycle slips) that must also be resolved correctly while the buoy is in motion to avoid errors in the G PS solution.
Since accurate a priori coordinates are not available for initializing the biases of an antenna already in motion, special "on the fly" techniques must be applied which take into consideration the motion of the platform and which can correct for ionospheric effects when determining baselines longer than about 15 kin. A modified version of the ambiguity function technique has been used successfully for these situations [Mader, The ambiguity function was first described by Counselman and Gourevitch [1981] and a detailed analysis of its application to GPS was presented by Remondi [1984] . The ambiguity function technique has been successfully applied to G PS sea level determination [Rocken et al., 1990] and to aircraft position determination [Mader, 1986] It is intended that in a future experiment the behavior of the spar will be monitored to investigate further the buoy response to waves. Here it is assumed that this bias will be negligible. There will be a mean tilt, however, because of the difficulty of keeping tension off the tether to the buoy. During the first 30 minutes of the measurement period, efforts were made to let the buoy float freely. As can be seen from Figure 10 shows the sea level inferred from the spar buoy after adjusting the antenna phase center to sea level, including removing the effects of tilt and vertical displacement of the spar due to tension on the tether. Note that no transition can be seen between when the buoy was nominally allowed to float freely and when it was not. The oscillations that are observable in both plots are thought to be due to signal multipath at the GPS antenna. These oscillations limit the accuracy with which absolute sea level and sea level gradients with time can 
Analysis
There are three analyses that will be discussed here:
(1) the ability of the buoys to represent the temporal variations in sea level, (2) 
Conclusions
The approach described in this paper for determining mean sea level was successfully applied to kinematic data collected from a G PS-equipped buoy. Threedimensional GPS solutions were computed using the precise carrier phase measurements for two time periods. The height components, corrected for tilt and vertical displacement in the case of the spar buoy, were used to compute two mean sea level measurements at the buoy locations.
The analysis results presented here indicate that consistent estimates of absolute sea level can be generated with G PS using radically different buoy designs. The Although the G PS buoy produces sea level measurements that are similar to altimetric measurements, they can be used to compliment altimetric data in a number of ways. These include calibration of altimetric measurements, extending altimetric results to smaller scales by using an array of G PS buoys for local studies, and enhancing the temporal resolution of altimetric data to resolve local uncertainties between satellite passes.
The buoys used here are limited to relatively short data sets because it is necessary for the current designs to be tethered. This occurs because the buoys contain only the GPS antenna and, in the case of the spar buoy, instrumentation to monitor sea level with respect to the phase center of the G PS antenna. G PS signals and instrument data are returned via a cable next to the tether. Future work will include development of an autonomous buoy, monitoring the response of given buoy designs in order to improve buoy dynamics, demonstration of the ability of GPS buoys to calibrate altimetric satellites, and work on buoys capable of longterm measurements; both tethered and free floating.
